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Grasping and holding is an essential action in a large variety of activities, ranging 
from small-scale tissues manipulation in surgery to grasp-hold-release tasks in 
industrial assembly line and activities of daily living, such as holding a bottle. 
These tasks that seem intuitive to humans are in fact challenging for robots. 
Traditional robotic gripper devices are usually made of metallic structural 
components and are often considered as expensive and lacking adaptability. The 
rigid structural components, which compromise the robot’s versatility, 
unfortunately limit their potential and render these grippers unsuitable for certain 
applications. This thesis presents soft robotic gripper devices that broaden the 
capabilities of current rigid robotic grippers, especially for situations where 
delicate objects, such as nerves, or objects with various shapes are dealt with. The 
grippers are equipped with soft gripping components so as to conform and 
provide compliant gripping without introducing excessive stress to the delicate 
objects handled. The fascinating properties of soft grippers include lightweight, 
low components costs, high customizability, ease of fabrication using available 
3D printing techniques, and capability in producing complex motions with the use 
of non-sophisticatedly designed pneumatic channels and sources (i.e. fluid). 
The purpose of this research is to develop soft pneumatic gripper devices 
that could lead to advancements in different medical applications, ranging from 
surgical handling of delicate soft tissues to hand exoskeleton and robotic grasping 
devices, by providing: (a) compliant gripping without introducing excessive stress 
to the object, (b) simple control mechanism (e.g. fluid pressurization) and 
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fabrication technique that are highly scalable for mass production, (c) safe human-
robotic interaction in consideration of the soft flexible materials used for 
fabrication, (d) low component cost and lightweight, and (e) high customizability 
to meet the different needs in different applications. Two elastomers, namely (i) 
Dragon Skin 10-Medium and (ii) Ecoflex Supersoft 0030 (Smooth-On, Macungie, 
PA), were chosen for the fabrication of the soft pneumatic grippers due to their 
hyperelastic properties and appropriate hardness (i.e. shore hardness is 10A for 
Dragon Skin 10-Medium and 00-30 for Ecoflex Supersoft 0030). Uniaxial tensile 
test was performed to obtain the relevant constants of these two elastomers’ 
properties in the hyperelastic model. The proposed designs were validated by 
finite element modelling. 
Soft pneumatic finger actuators with three segmented pneumatic features 
were designed for a hand exoskeleton to assist during finger flexion therapeutic 
exercises by making use of the bending moment generated from the pressurization 
of the pneumatic features. The results showed that the average maximum flexion 
angle of the index finger achieved at the metacarpo-phalangeal joint is 45.6 ± 
22.0°, the proximal interphalangeal joint is 132.8 ± 7.2°, and the distal 
interphalangeal joint is 143.7 ± 2.3°, when the input pressure is 1 bar (100 kPa). 
These flexion angles achieved should be sufficient for most of the common 
functional grasping tasks, and larger flexion angles can be achieved by applying 
fiber reinforcement in the elastomer to withstand higher input pressure. In 
addition, a grasping device consisting of three finger actuators was evaluated for 
its capability to grasp and hold different sizes, materials and masses of objects (up 
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to 700 g in the case that mimics normal wrap grasping with palm support, and 1.1 
kg in the case that mimics holding the handle). The pneumatic features were split 
into three segments in order to map to the human finger segments 
correspondingly. It was believed that the design of three segments may require 
less pressure to achieve optimal finger flexion movements because the design can 
duplicate the finger structure to generate the movement. 
In addition, various miniaturized soft pneumatic gripper devices were 
fabricated for handling small objects and the results showed that the compressive 
forces generated by these devices (ranging from 0.26 N to 1.33 N) were smaller 
than that generated from the conventional forceps (2.73 ± 0.21 N) when gripping 
a 2mm thick wire. This will be useful in minimizing the risk of tissue trauma 
during surgical manipulation, especially in nerve anastomosis. A pilot mouse trial 
was also conducted to validate the force generated by the soft gripper is sufficient 
to hold a nerve in surgery. 
These studies showed the possibility of deploying such customizable soft 
pneumatic gripper devices in surgical grippers, soft hand exoskeleton, and robotic 
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With the advancement of technology, robots have evolved tremendously over the 
past few decades; these robots are now deployed in different applications such as 
military [1], manufacturing [2], surgery [3-4], gaming [5], and rehabilitation [6-
8]. Traditionally, robots are commonly described as rigid, robust, and expensive. 
They are tailored to different application scenarios which require high precision, 
speed, strength, and stability [9]. However, hard robots are usually made of 
metallic structural components and often considered as bulky, expensive and lack 
of adaptability. These rigid structural components, which compromise the robot’s 
versatility, unfortunately limit the hard robots’ potential and render these robots 
unsuitable for certain applications. They have difficulties in handling soft and 
fragile objects or dealing with changing, complex environments [10-11]. Most 
importantly, the structures and movements of these hard robots never looked very 
‘natural’ [12]. Today, majority of the robots are inspired, to some extent, by the 
capabilities of biological features to assist humans in their daily lives [13]. 
Biological features, such as caterpillars and octopus, are mainly composed of soft 
tissues and fluids. Human bodies contain also significant amounts of soft 
deformable muscles, sensors, and tissues with moduli in the order of 104 – 109 Pa 
that are capable of performing very complex motions [13, 14]. These observations 
of the nature led to the development of soft robots that are similar to biological 
features by the incorporation of soft flexible components into robotic designs 
which enabled a new class of applications. 
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The concept of soft robotics is a relatively new paradigm in the field of 
robotics and has sparked great interest in the robotics community. Soft robots are 
differentiated from traditional hard robots by their characteristic soft deformable 
bodies, actuators and sensors which have been shown to be similar to biological 
beings structurally. The material properties and morphology of the soft bodies are 
the main keys to achieving the desired performance for the soft robot [9].  As 
such, soft robots have the potential to bridge gaps between traditional robots and 
nature [13]. This is illustrated by the enhanced and broadened capabilities of soft 
robots as compared to hard robots; soft robots allow safe and flexible human-
machine interactions, offer dexterous manipulation, and can be operated under 
complex unstructured environments – all of which are limitations for the hard 
robots.  These enhanced capabilities are attributed to the soft and highly 
deformable materials used in soft robots that allow stress distribution over a larger 
volume for minimizing the impact forces, as well as adaption to surfaces for better 
grip and tasks carried out in irregular spaces. This allows for simplification of the 
mechanical and control complexity involved in the design for robotic 
actuation.  The development of soft robots will lead to a new chapter of robotic 
applications which allows the robots to be widely adopted in human lives with 
their enhanced capabilities. Soft robots aim not to replace the traditional robots 
but to complement the traditional robots in different applications, in which 
pursuing a combination of soft and hard robots rather than a simple replacement 
of hard robots. 
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Most of the soft robots are composed of silicone rubber and controlled by 
different actuation techniques. The three common systems deployed in soft robots 
for actuation are (i) electroactive polymer (EAP), (ii) shape memory alloy (SMA), 
and (iii) compressed fluid. These systems generate desired movements in 
response to stimuli, such as electric field used in EAP and temperature used in 
SMA. After removal of stimuli, the systems return to their original state.  
Favorable characteristics of EAPs, such as lightweight, relatively large 
actuation strain, and high mechanical compliance, make them suitable to be used 
for soft actuation in robots [15]. Dielectric elastomeric actuators (DEAs), a 
subgroup of EAPs, comprise of a simple three-layer sandwich structure that is 
completely made of soft material, with a pair of compliant electrodes sandwiching 
an insulating elastomeric layer. When a differential voltage is applied across the 
electrodes, electrostatic forces (Maxwell stress) will cause the elastomeric layer to 
deform, resulting in a reduction in thickness and expansion in area. This produces 
active strains and thereby generates actuation (Fig. 1.1) [16]. DEAs are often 
called artificial muscles and are able to generate strain of over 100% [16]. The 
drawbacks of DEAs include high driving voltage (300 V - 5000 V), small output 
forces, and difficulty in fabricating reliable compliant electrodes that can still 





Fig. 1.1. Actuation mechanism of a dielectric elastomeric actuator [17]. 
 
SMAs are also deployed for actuation in soft robots due to their high 
energy densities in such small physical sizes, unique solid state transformations 
that lead to the peculiar shape memory effect, and superelasticity [18]. Nitinol 
(nickel-titanium) is perhaps the most common SMA used for actuation due to its 
combination of desirable properties such as biocompatibility and superelasticity 
with shape memory effect [19]. SMAs can be easily deformed into a new shape at 
the martensitic phase at low temperatures and recover to their original geometrical 
shapes by transformation to austenite phase upon heating. The force generation 
induced by the shape recovery during phase transformations upon the change in 
temperature can generate the desired actuation. They are available in different 
forms such as wires, plates, or springs that can be embedded into soft structures. 
Advantages of using SMAs include their relatively low cost and the ability to 
generate energy densities comparable to other forms of actuators, such as 
pneumatic, at a lower weight. However, it has poor energy efficiency (1 – 10 %) 
because most of the input energy is used for heating the SMA itself [9]. The SMA 
itself is relatively stiffer than the soft body of soft robot, which may then restrict 
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the robot’s motion due to discontinuous segmental bending. A robust temperature 
control system is further required to prevent overheating and overstraining to 
enhance the shelf-life of the SMA. 
The history of actuation systems based on compressed fluids can be traced 
back over half a century ago when McKibben introduced pneumatic artificial 
muscles (PAM) which have continuously deformable structure with muscle-like 
actuation [20]. The PAM consists of a soft elastic inner bladder surrounded by a 
braided inextensible sleeve. It contracts in response to pressurized air input which 
causes the soft elastic bladder to expand and then push against the surrounding 
braided mesh sleeve. Only a single actuation – contraction and extension can be 
generated when internal pressure changes. Recently, alternative approaches that 
generate actuations directly based on the properties and morphology of soft 
materials have been proposed [11]. With these approaches, different types of 
actuation (e.g. bending and extension) can be generated based on the different 
designs of the pneumatic channel networks embedded in the soft materials. They 
involve a simple design strategy to induce stiffness difference in the soft 
actuators. As pneumatic features inflate in the regions that are more compliant to 
create the resulting actuation (Fig. 1.2), stiffness difference in soft actuators can 
be achieved by positioning pneumatic features closer to a certain wall or adding 




Fig. 1.2. The actuation based on the differences in stiffness of soft actuators [11]. 
 
1.2 State-of-the-art of Soft Robots 
Over the past decade, robotics engineers have successfully applied the concept of 
soft robotics to building robots for functional tasks, such as undulatory 
locomotion in unstructured environments or gripping [21-25]. These soft robots 
contain minimal or no rigid internal structural elements and are mostly inspired by 
locomotion of invertebrates that do not have hard internal skeletons such as 
starfish, caterpillar, etc. 
The development of a soft locomotive quadrupedal robot for autonomous 
operation (Fig. 1.3a) was inspired by starfish movements [21]. It is made entirely 
of soft silicone elastomers with embedded pneumatic networks that will inflate as 
actuation upon pressurization. This robot powered by compressed air can not only 
perform complex locomotion with a combination of crawling and undulation 
without the usage of complex rigid mechanical structure (hinges or joints), but is 
also able to squeeze through gaps smaller than their unconstrained body. It is able 
to carry the components required for the operation and this hence, increases its 
mobility without any movement restrictions by tubes or wires. The strengths of 
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silicone elastomers, being high tolerance to applied pressures and impervious to 
water, allow this robot to be operated under a variety of harsh environments such 
as underwater for search and rescue missions. 
The GoQBot, another bioinspired soft-bodied robot consisting of silicone 
elastomers and SMA, mimics the ballistic rolling escape behavior found in 
caterpillars to create self-propelled rolling movement [22]. While hard robots may 
require multiple components and complex control system to duplicate this 
locomotion, the GoQBot involves a simple structure with just a 10 cm-long soft 
silicone body and paired SMA coil actuators to function as anterior and posterior 
flexors (Fig. 1.3b). The activation of SMA coil, which is induced by heating via 
pulses of current, generates similar longitudinal muscles contractions that are seen 
in caterpillars for creating morphological variations. The release of stored elastic 
energy upon changing in body conformation leads to 1 G acceleration and results 
in a linear propulsion velocity of 0.2 m/s. 
The Meshworm, similar to many of worm-like soft robots, deployed the 
SMA coils for actuation due to their ability in generating large displacements with 
simple mechanisms (Fig. 1.3c) [23]. The Meshworm achieves peristaltic 
locomotion based on the alternating activation of SMA coils which mimics the 
muscles contraction and stretching of a worm. The body is made of an elastic 
fiber mesh tube with two groups of SMA wires, one of which is coiled around the 
body segmentally while the other group has antagonistic paired straight SMA 
wires located along its length in segments. Like the circular and longitudinal 
muscle groups of earthworms, the contraction of radial SMA generate forward 
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propulsion while the activation of certain longitudinal SMA wires shortens a 
particular side of the body in order to achieve steering (e.g. left-right movement). 
Contraction of SMA wires is achieved by passing the current through and heating 
them up, and by alternating the heated and cooling areas, the structure can 
perform an undulatory gait pattern. This robot is remarkably resilient with the 
ability to function reliably even after violent impacts caused by repeated blows 
with a hammer. 
Successful application of DEA on the soft robots is demonstrated by 
Araromi and his team [24]. They developed a soft microsatellite gripper with four 
multisegment actuators using the dielectric elastomer minimum energy structure 
(Fig. 1.3d). Each segment of the structure consists of a pre-stretched 
polydimethylsiloxane (PDMS) membrane and two compliant electrodes on the 
opposite surface are connected in series. It maintains in a rolled configuration and 
when the voltage is applied, the DEA will expand and this expansion opens the 
gripper. Once the object is within the gripping range, the deactivation of voltage 
will cause the actuator to return to its initial rolled state. The flexible actuator 
conforms well to the object and provides a secure grip while the object prevents 
the actuator from returning to its original fully rolled state. However, the single 
actuator can only generate a maximum gripping force of 0.8 mN and requires a 
high operating voltage of 3 kV. 
Brown et al. [25] proposed a soft universal robotic gripper using a 
completely different, innovative approach other than the actuation techniques 
based on DEA, SMA, or compressed fluid. The operating principle is based on 
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jamming, a unique property of granular materials. The granular material in an 
elastic bag (Fig. 1.3e) transits from a deformable flowing state to a rigid jammed 
state by increasing the density and vice versa. This transition can be controlled by 
applying a vacuum to increase the particle confinement, resulting in a rigid state. 
This reversible jamming transition generates a universal tight form-fitting 
gripping manner due to the ability to conform to the gripped objects, which can be 
of any arbitrary shape. Equipped with this ability, this soft jamming gripper can 
manipulate objects with different stiffness and shapes without any modifications 
to the control system as compared to conventional rigid multi-fingered grippers.  
 
 
Fig. 1.3. State-of-the-art of soft robots. (a) A soft locomotive quadrupedal robot, capable 
of a combination of crawling and undulation gait [21]. (b) The GoQBot that mimics the 
ballistic rolling motion observed in caterpillars [22]. (c) A soft robot achieves peristaltic 
locomotion inspired by the earthworms [23]. (d) A soft gripper consists of four 
multisegment DEA for gripping [24]. (e) A soft universal gripper that can hold a wide 




1.3 Problem Statements and Objectives 
The importance of grasping in daily living is unquestionable. Grasping is an 
essential action in a large variety of activities, ranging from small-scale tissues 
manipulation in surgery to grasp-hold-release tasks in industrial assembly line and 
activities of daily living (ADLs) such as feeding. The objects that the gripper 
interacts with would define the types of grasp, such as grab, pinch, or hook, which 
are needed in the applications [26]. In this study, various soft grippers with 
different types of pneumatic features are proposed and their performance in hand 
exoskeleton, robotic grasper devices, and surgical gripper are evaluated. 
Actuation technique based on compressed fluids instead of DEA or SMA is 
deployed due to a simpler fabrication method enabled by emerging soft 
lithography techniques, where it has safer control mechanisms that do not involve 
high voltage or temperature. The unmet needs for developing soft grippers in 
these applications are presented in detail as follow:  
 
1.3.1 Hand Exoskeleton and Prosthesis 
Hand Exoskeleton 
Stroke has long been an issue plaguing the general population, and with an aging 
population, the incidence of stroke has been observed to rise. In the US today, 
there are over four million stroke survivors living with some type of physical 
disabilities that range in severity, from partial loss of hand or leg motor ability to 
one-sided paralysis, and another six million stroke survivors with similar 
conditions are found in developed countries globally [27]. Hand functionality is 
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essential for living an independent life and yet 30 % of stroke survivors can never 
restore their hand motor abilities [28]. Loss of hand function, whether partial or 
total, not only greatly stifles one’s daily activities and hence reduces the quality of 
life, but also cause a huge emotional burden to the individual and their family. 
Physiotherapy involving repetitive and intensive exercises tailored to improve 
hand strength, accuracy, and range of motion is important for recovery of the lost 
motor functions [29]. These therapies, however, usually require physical 
therapists’ assistance in performing the exercises. As such, cost of the 
rehabilitation is increased and rehabilitation sessions are usually confined to the 
clinic. In addition, full functional recovery of the hand cannot be guaranteed even 
after a long term engagement in the rehabilitation program where only 5 % to 20 
% of the patients can fully regain their hand functions [29]. Therefore, assistive 
devices play a key role in restoring the highest level of independence for ADLs in 
patients with permanently weakened hand functions. 
Numerous hand exoskeletons [29] have been proposed for both home-
based rehabilitation and assistance applications. These exoskeletons aim to 
improve the hand motor functions by either providing continuous passive motion 
(CPM) or generating resistance force against the active moment of the users for 
training. The promising effects of these exoskeletons-assisted repetitive 
movements on the restoration of hand motor functions have been reported [30, 
31]. However, most of these devices consist of rigid structures (Fig. 1.4) which 
require the precise matching of the centers of rotation to the corresponding finger 
joints in order to prevent injuries that are induced by the rigid linkage structures 
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during flexion (Fig. 1.5a) [29]. In addition, these rigid exoskeletons are bulky, 
contain redundant structures (Fig. 1.5b), and always restrain the natural motion of 
the fingers because they are less compliant than the finger joints. These 
drawbacks increase the difficulty for patient to adopt exoskeletons in daily lives. 
Attaching the actuators directly to the fingers and using the finger bones to 
replace the function of the rigid frame of a conventional exoskeleton could be one 
way to tackle these limitations. 
 
 
Fig. 1.4. Hand exoskeletons for rehabilitation and assistance applications [29]. 
 
 
Fig. 1.5. (a) Precise matching of the centers of rotation to reduce risks of hand injury. (b) 






The loss of the hand is usually caused by traumatic injuries or congenital-related 
incidences. There are over 500,000 people with minor hand amputations in the US 
[32]. Hand loss results in severe physical debilitation and often distress due to the 
compromised ADLs such as eating and bathing.  It is easy to mimic the simple 
outlook of the human hand but it is difficult to achieve the complexities of the 
function and structure of the fingers. The human hand consists of complex 
mechanics with 14 phalanges bone, various sensory feedback and motor 
commands to achieve movements that range from high precision (e.g. holding a 
pen and write) to high power (e.g. carry heavy objects). Replacing a lost hand to 
restore ADLs is a major unmet clinical need and current prosthetics with 
myoelectric control such as iLimb and ProDigits (Touch Bionics, Hilliard, OH), 
and body-powered control such as X-Finger (Didrick Medical, Naples, FL), have 
been designed to restore dexterous manipulation (Fig. 1.6) [6]. However, these 
devices can be expensive, complex, stiff, and bulky. 
 
 
Fig. 1.6. Some of the current prosthesis (a) iLimb (Touch Bionics, Hilliard, OH), (b) X-




1.3.2 Surgical grippers 
Surgical manipulation is an important aspect of both open and laparoscopic 
surgical procedures. Laparoscopic surgery, also called minimally invasive 
surgery, has emerged during the past decades due to the smaller surgical incisions 
needed (0.5-1 cm), which results in shorter recovery times and minimal risks of 
infection and pain for the patients [33]. Traditional tissue gripping tools (Fig. 1.7), 
such as the forceps and laparoscopic graspers, have been commonly adopted in 
many different kinds of surgical procedures, such as cholecystectomy, bariatric, 
hepatic, gynecological, urological, gastrointestinal, and nerve repair surgeries [34, 
35]. These tools are typically used to securely grip the soft tissues for the purpose 
of facilitating observation, excision, biopsy and anastomosis procedures. 
Specialized training and extreme caution are required, particularly for the nerve 
repair surgeries due to the intricacies of the fine nerve structures involved. 
However, incidental injury to soft tissue during surgery is still common where 
depending on the severity of the injury, various complications, such as pain, blood 
clots, and even permanent disability, may result. It was observed that the 
complication rate in peripheral nerve surgery was 3% and most were mainly 
attributed to the lack of proper use of the surgical instruments, rough intra-
operative soft tissue handling, and the lack of experience [36]. The rigid gripping 
clips that are used to hold the soft tissues may cause high stress concentration 
areas in the soft tissue at the points of contact [37]. In addition, it is essential to 
ensure that the grasped tissue under investigation do not slip in order to perform 
the surgery safely and effectively, and hence, even experienced surgeons may 
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apply forces that are larger than what is sufficient to prevent slippage. This may 
result in tissue trauma, where the tissue of interest and potentially the surrounding 
tissues are damaged. With this thought in mind, surgeons have to be very cautious 
when performing grasping tasks in surgery, especially operating on elderly 
patients, which may cause fatigue easily. These tissue damages, as a result of 
‘hard’ gripping, may lead to inflammation, hemorrhage and cellular changes such 
as apoptosis and necrosis; even seemingly less severe damage may still result in 
clinically relevant consequences such as pathological scar tissue formation [38]. 
In addition, the conventional graspers are designed with two gripping jaws and 
the problem with this design is that it tends to push tissue out of the jaws as they 
close, which provides certain difficulty in grasping. This may lead to repeated 
attempts at grasping which increase the chances of tissue damage. 
 
 
Fig. 1.7. Traditional tissue gripping tools (a) laparoscopic grasper, (b) nerve hook 
retractor, and (c) forceps. 
 
1.3.3 Objectives 
The objective of this study is to develop soft pneumatic gripper devices that could 
lead to advances in different medical applications, ranging from handling delicate 
soft tissues during surgery to hand exoskeleton and robotic grasping devices, by 
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providing: (a) compliant gripping without introducing excessive stress to the 
object, (b) simple control (e.g. fluid pressurization) and fabrication technique that 
are highly scalable for mass production, (c) safe human-robotic interaction due to 
the soft flexible materials used for fabrication, (d) low component cost and 
lightweight, and (e) high customizability to suit different requirements. Such a 
soft finger actuator-based exoskeleton does not have joint alignment problems 
observed in conventional exoskeletons. In addition, a new design of the surgical 
grippers that combines the nerve retractor and a soft inflatable holding component 
is proposed to address and minimize the risk of slippage in tissue manipulation as 
encountered by current two-jawed grippers. 
 
1.4 Overview of Thesis 
This thesis is organized as follows. An introduction to the current emerging soft 
robotics field and the advantages of using soft materials are presented in the 
current chapter. An overview on the approaches taken to develop soft robotics and 
various research prototypes such as soft locomotive quadrupedal robot, universal 
jamming gripper, etc. are illustrated. It describes the limitations of traditional hard 
robots, followed by the motivation for pursuing this research. Chapter 2 describes 
the elastomeric material used in this study and the mechanical experiments 
deployed to obtain constants of material properties to be used for building the 
constitutive model through the finite element method (FEM). It also provides the 
fabrication methods of the proposed soft pneumatic grippers (i.e. soft pneumatic 
finger actuators, miniaturized soft pneumatic chamber-gripper devices, and soft 
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hybrid nerve gripper), finite element modelling of finger actuators and double-
arm chamber-gripper devices as well as experiments to evaluate their 
performances. In Chapter 3, the flexion angles at index finger that are induced by 
the soft finger actuator, which serves as a hand exoskeleton, and the grasping 
abilities provided by the soft finger actuators, which serve as a grasper device, are 
presented. The pull and compressive forces generated by the soft pneumatic 
chamber-gripper devices, and soft hybrid nerve gripper are discussed. In Chapter 
4, we discuss the performance of the customizable soft pneumatic gripper devices 
and their feasibility to be deployed in different applications. Chapter 5 
summarizes the findings and conclusions in this research as well as gives the 





2.1 Preparation of Elastomers and Molds 
A standard procedure was deployed to prepare the elastomers, mainly silicone 
rubbers, used in this study (Fig. 2.1). Two elastomers, (i) Dragon Skin 10-
Medium (DS10-M) and (ii) Ecoflex Supersoft 0030 (EF0030) (Smooth-On, 
Macungie, PA), were chosen for fabricating the soft pneumatic grippers due to 
their hyperelastic properties and appropriate hardness (i.e. shore A hardness is 
10A for DS10-M and 00-30 for EF0030). The elongation at break (fracture strain) 
of DS10-M and EF0030 are 1000% and 900% respectively. Studies have also 
shown that these elastomers are resistant to compressive strain, transient pressure, 
and severe bending [39]. The Young’s modulus of the DS10-M and EF0030 are 
approximately 1.5 x 105 Pa and 0.8 x 105 Pa respectively, which are comparable 
with those of soft biological materials. Moreover, they involved platinum-
catalyzed addition curing which provides fast curing, ease in demolding the cured 
rubber and does not produce odor-impairing by-products. These elastomers 
typically come in two parts: the base material and the curing agent. For Dragon 
Skin and Ecoflex elastomers, parts A and B are required to be mixed in a 1:1 
weight or volume ratio. The Thinky Mixer ARE-310 (THINKY, Chiyoda-ku, 
Japan) was used to mix the elastomer components thoroughly to achieve uniform 
curing. Fixed mixing and degassing conditions were used to ensure that the final 
elastomeric actuators have the same properties across different batches. The 
settings used for mixing and degassing modes are 2000rpm for 30 seconds and 
2200 rpm for 30 seconds respectively. The elastomeric material was poured into a 
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mold and then placed into Nalgene 5305-1212 vacuum chamber (Thermo Fisher 
Scientific, Waltham, MA) to remove any trapped air bubbles in the material in 
order to enhance the performance of the actuators. The mold was put into Thermo 
Heratherm oven with timer (Thermo Fisher Scientific, Waltham, MA) for curing 
at a specific temperature. The vacuum degassing duration and curing time is 
highly dependent on the size of the mold as well as the elastomers used. The 
actuators fabricated with the DS10-M require higher temperature or a longer 
curing time. All the molds used in this study were designed using 3D computer-
aided-designed (CAD) software (Dassault Systèmes SolidWorks, Waltham, MA) 
and then 3D-printed using Objet Eden 350V (Stratasys, Eden Prairie, MN) using 
Vero materials (Stratasys, Eden Prairie, MN). 
 
 




2.2 Constitutive Model for Elastomers 
2.2.1 Hyperelastic material model 
The stress-strain curve of rubber-like materials exhibits non-linear mechanical 
properties, and this means that the material usually undergoes very large 
strains/deformations (large-strain elasticity) with small applied stresses. The stress 
is determined by the current state of deformation, but not the path or history of 
deformation. Moreover, the rubber-like materials exhibit very little 
compressibility as compared to their shear flexibility, so they are considered as 
nearly incompressible. For these reasons, the mechanical behavior of rubber-like 
materials is usually described by the hyperelastic material model [40]. 
The constitutive model of hyperelastic isotropic rubber material is 
expressed in terms of a strain energy density function, W, which depends on the 
invariants of strain tensor (I1, I2, and I3).  The strain invariants are defined as 
follow [41]: 
𝐼1 =  𝜆12 + 𝜆22 + 𝜆32                                                    𝐼2 =  𝜆12𝜆22 + 𝜆22𝜆32 + 𝜆12𝜆32                                       2.1 
𝐼3 =  𝜆12𝜆22𝜆32 
where λi is principal stretch ratio. Therefore, W is a function of the principal 
stretch ratios: 
                                                 ( )321 ,, λλλfW =                                                 2.2 
The nominal stress σi is given by the derivative of strain energy density 
function with respect to the stretch ratios: 
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                                             𝜎𝑖 = 𝜕𝜕𝜕𝜆𝑖 − 1𝜆𝑖 𝑝                                                   2.3 
where p is the hydrostatic pressure [42]. 
For incompressible elastomer, I3 is taken to be a constant (I3=1) and hence, 
the nominal stress does not depend on it.                             𝐼3 =  𝜆12𝜆22𝜆32 = 1; 𝜆3 = (𝜆1𝜆2)−1                                   2.4 
Incompressible elastomer in a uniaxial test exhibits a stretch ratio (λ) in 
the direction of elongation or compression and zero principal stresses in other two 
directions. The principal stretch ratios of the other two directions are given by:  
                                𝜆1 = 𝜆;   𝜆2 = 𝜆3 = 1√𝜆                                              2.5 
The material’s stress-strain relationship can be expressed using different 
constitutive models that depend on a series of arbitrary constants. Since there are 
various hyperelastic models mentioned in literature [43] and included in Abaqus 
(Dassault Systèmes Simulia, Johnston, RI), finding out the most appropriate 
model that has high accuracy and low materials parameters is essential for finite 
element analysis (FEA). Experimental data from traditional mechanical tests such 
as uniaxial tensile and compression tests (Section 2.2.2) are fitted to the models to 
obtain those arbitrary constants of material properties and to derive the optimal 
model. 
Several hyperelastic constitutive models such as Mooney-Rivlin model, 
Yeoh model, Ogden, and Arruda-Boyce model as shown in the following 




Table 2.1. Incompressible hyperelastic strain energy functions used in this study. 
Hyperelastic model Incompressible strain energy function 
3 term Mooney-
Rivlin W = C10(I1-3) + C01(I2-3) + C11(I1-3) (I2-3) 
5 term Mooney-
Rivlin 
W = C10(I1-3) + C01(I2-3) + C11(I1-3) (I2-3) + C20(I1-3)2 
+ C30(I1-3)3 
3 term Yeoh W = C10(I1-3) + C20(I1-3)2 + C30(I1-3)3 
2 term Ogden W = ∑
𝜇𝑖
𝛼𝑖
(𝜆1𝛼𝑖 +  𝜆2𝛼𝑖 +  𝜆3𝛼𝑖  − 3)2𝑖=1  
Arruda-Boyce 
W = μ∑ 𝑐𝑖
𝜆𝐿
2𝑖−2 (𝐼1𝑖 − 3𝑖)5𝑖=1 , 𝑐1 = 12 , 𝑐2 = 120 , 𝑐3 = 111050 
, 𝑐4 = 197050 , 𝑐5 = 519673750 
 
2.2.2 Material properties constants of elastomers 
Getting a reliable model that describes the actual mechanical behavior of the 
material of interest is very important in FEM especially for the design of soft 
actuators. This is due to the deformity of the soft actuators is strongly related to 
the stiffness of the material. Uniaxial tensile and compression tests were 
performed to obtain the constants of material properties based on the ASTM D412 
Die C and ASTM D395 standard respectively. These are the standard models 
referenced for obtaining material properties of elastomers [44, 45]. The molds 
used for the test specimen that have the same dimensions as provided in the 
ASTM models were shown in Fig. 2.2. The 3D CAD mold was first fabricated 
and elastomeric material was then poured into the mold and cured at a 
temperature of 60 °C for 10 minutes. Before the curing process, the mold was put 
into a vacuum chamber for 3.5 minutes to eliminate any air bubbles present. The 
mechanical tests were performed using Instron Universal Tester 3345 (Instron, 
Norwood, MA). The tensile and compression tests were performed at room 
23 
 
temperature with a constant extension rate of 8.3 mm/s for the tensile test and a 
constant compression rate of 2 mm/s for the compression test. Both DS10-M and 
EF0030 exhibited hyperelasticity based on their non-linear stress-strain behavior. 
They were assumed to be incompressible and isotropic, which are in general valid 
for rubber-like materials [46]. The Mooney-Rivlin, Yeoh, Ogden, and Arruda-
Boyce models, as mentioned in the earlier section, were used to fit the 
experimental tensile data through the use of the lsqcurvefit algorithm that is 
available in Matlab (MathWorks, Natick, MA), and the constants of material 
properties can then be obtained. The Matlab code written by Berselli et al. was 
modified to fit the experimental data [47] (Appendix A). The sum of square errors 
(sse) was chosen as an indicator to determine the most appropriate model for 
modeling. 5 samples from each material were fitted into the models and the mean 




Fig. 2.2. 2D CAD drawing of molds used for making test specimen for (a) tensile and (b) 




2.3 Fabrication of Soft Pneumatic Gripper Devices 
All the soft pneumatic gripper devices were fabricated by molding elastomers. 
Two approaches were deployed to create the pneumatic features for the actuation. 
One is a conventional approach using a combination of 3D-printing and soft 
lithography technique where pneumatic features are printed on the mold and a 
separate step of sealing process is required. The other rod-based approach only 
requires a single step to create the pneumatic features using the rods. The 10 
minutes curing processes are carried out at 70°C and 60°C for DS10-M and 
EF0030 respectively. 
The soft pneumatic gripper devices have the same working principles as 
described below. When air is introduced into the soft actuator via the air source, 
the pressure exerted by the air causes the pneumatic features to inflate in regions 
that are more compliant, thereby creating the desired motion. 
 
2.3.1. Soft finger actuators 
The length of the soft actuators was designed to be 146 mm in order to match with 
the length of the index finger bone (phalanges and metacarpals) as reported in 
literature [48]. A 3D CAD mold with pneumatic channel features corresponding 
to the three finger joints: (i) distal interphalangeal joints (DIP), (ii) proximal 
interphalangeal joints (PIP), and (iii) metacarpo-phalangeal joints (MCP) was 





Fig. 2.3. 2D CAD drawings of mold used for fabricating the body of the soft finger 
actuator (all dimensions are in mm). The wall thickness is 3mm for the mold. 
 
The finger actuator was built through molding DS10-M, which followed a 
fabrication process comprising three steps as shown in Fig. 2.4 and described 
below: 
Step 1: A finger actuator mold with pneumatic channel features and a 
constraint mold were 3D-printed using VeroClear material (Stratasys, Eden 
Prairie, MN). The finger actuator mold was then filled with DS10-M for curing. 
Before the curing process, the mold was put into the vacuum chamber for 4 
minutes to ensure that the casted elastomer will be free of trapped air bubbles that 
could potentially create failure points. The fabric which serves as a restraining 
layer (Fig. 2.4a) was put into the constraint mold before the elastomeric material 
was poured into the mold. 
Step 2: The body of soft finger actuator was then bonded to the 1mm partially 
cured restraining layer with fabric in order to seal the pneumatic features (Fig. 
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2.4b). A thin layer of DS10-M will be coated at the bottom of the fabric layer to 
ensure that there is no air leakage through the fabric after the curing process. 
Step 3: A 3D-printed adaptor was inserted into the channel so that it can be 
connected to an external air source such as pump, and the inlet area was sealed 
with Sil Proxy glue (Smooth-On, Macungie, PA) (Fig. 2.4c). 
The proposed actuator with design of thinner regions at the three finger 
joint positions will cause the actuator to bend in a three segment flexion manner 
(Fig. 2.5). The pneumatic features will only inflate in one direction to generate the 
bending with the bottom strain-limiting fabric layer. The pneumatic features were 
designed with three segments in order to match with the human finger joints (Fig. 
2.6). It was believed that this three segment design that duplicates the finger 
structure may require lower pressure for achieving optimal finger flexion 
movements. The two connectors that were designed to link the adjacent joints are 
stiffer and have less actuation as compared to the pneumatic features. 
 
Fig. 2.4. Fabrication process of the soft finger actuator. (a) DS10-M was poured into the 
finger actuator mold and cured. A fabric was inserted at the bottom of constraint mold to 
serve as strain-limiting layer before DS10-M was poured into it and partially cured. (b) 
The pneumatic features were sealed by bonding the body of actuator to the bottom layer 
with the fabric. (c) An adaptor, which will be connected to an air source, was inserted and 




Fig. 2.5. The soft finger actuator in the (a) unpressurized, and (b) pressurized state (a 
three segment flexion manner).  
 
 
Fig. 2.6. The soft finger actuator with pneumatic channel features corresponding to the 
three finger joints: (i) distal interphalangeal joints (DIP), (ii) proximal interphalangeal 
joints (PIP), and (iii) metacarpo-phalangeal joints (MCP). (Image source: 
http://www.eorthopod.com/pip-joint-injuries-of-the-finger/topic/117) 
 
The weight of the soft finger actuator is 25 g and the estimated material 
cost for it is less SGD1.50 (with a price of SGD52/900g). The cost of the reusable 
3D-printed molds for both the body and restraining layer is approximately 
SGD45. (~60 g @ SGD0.65/g for the 3D printed material and ~20 g @ 
SGD0.25/g for the supporting material). The cost mentioned above excludes labor 




2.3.2. Miniaturized soft pneumatic chamber-gripper devices 
It will be difficult to fabricate miniaturized pneumatic gripper using the 
conventional combination of 3D-printing and soft lithography technique as 
occlusion during the final sealing process can easily occur due to the small 
pneumatic features involved. Therefore, a modified soft lithography technique, 
which adopted a rod-based approach that requires a feature-less gripper mold 
combined with a chamber mold, was developed to fabricate the proposed soft 
pneumatic chamber-gripper devices: (i) double-arm, and (ii) single-arm (Fig. 2.7, 
Fig. 2.8). This modified approach facilitated: (1) the usage of rod to create the 
miniaturized pneumatic features to eliminate the chance of occlusion during the 
final sealing process, and (2) the addition of a compressible chamber component 
for direct transfer of air into the gripper component, without the need for external 
pumps. The fabrication process of the rod-based double-arm chamber-gripper 
devices consists of three steps as shown in Fig. 2.9 and described below: 
Step 1: A mold with gripper and chamber component (Fig. 2.9a) and a sealing 
layer mold were 3D-printed. Two chamber-blocks were inserted on the right and 
left side of the chamber component in order to generate a sealed chamber with 
pneumatic channels connected to it. Two 1.5 mm-diameter wire rods were 
inserted through the chambers until a distance of 2 mm away from the gripper tips 
to create the pneumatic channels. EF0030 was then poured into the mold to fully 
fill the gripper component and put into oven for curing. EF0030 was consistently 
cured at 60oC for 10 minutes in fabrication processes, unless otherwise stated. 
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Step 2: The two chamber-blocks were removed and a gripper-block was 
inserted on top of the gripper component in order to create the chamber (Fig. 
2.9b). EF0030 was then poured into the mold to fill the remaining part of chamber 
component and cured. 
Step 3: EF0030 was poured into the sealing layer mold and partially cured for 
2 minutes. The cured gripper structure was bonded to the partially cured 2.5 mm 
sealing layer to seal the chamber (Fig. 2.9c). Subsequently, the entire structure 
was cured fully by baking it at 60°C for 15 minutes. 
The pneumatic channels are designed close to the outer wall of the gripper 
arms with a ratio of 7:13 (ratio of distance from center of the pneumatic channels 
to outer wall: distance from center of the pneumatic channels to inner wall). The 
difference in stiffness between the thinner outer wall and thicker inner wall allows 
the gripper arms to bend inwards to form a close grip posture when pressurized. 
The single-arm chamber-gripper devices were made using the same 
fabrication method as double-arm device. The single-arm chamber-gripper device 
had one actuatable arm and one non-actuatable arm. The width of the non-
actuatable arm is 1.5mm while the width of the actuatable arm is 5mm. 
A handling tool was 3D-printed (Fig. 2.10), such that the chamber-gripper 
devices can be easily inserted into the tool and actuated to grip an object by a 
movable piston  or a linear actuator, L12 (Firgelli Technologies, Victoria, BC). 
Upon compression of the chamber, the pneumatic channels would inflate towards 
the outer walls, thereby bending the gripper arms and result in a closed gripping 
posture. Upon removal of chamber compression, the gripper arms returned to its 
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original opened posture. The linear actuator was controlled by a simple circuit 
where the moving distance can be adjusted by a potentiometer knob. 
 
Fig. 2.7. Schematic diagram of chamber-gripper devices (a) double-arm with two 
actuatable arms, (b) single-arm with one actuatable and one non-actuatable arm. 
 
 
Fig. 2.8. 2D CAD drawings of the molds used for fabricating the top structure of the soft 
pneumatic chamber-gripper devices: (a) double-arm, and (b) single-arm (all dimensions 





Fig. 2.9. Fabrication process of the double-arm chamber-gripper. (a) Two wire rods were 
inserted to create pneumatic channels and two chamber-blocks were placed to create 
chamber that is connected to the pneumatic channels.  EF0030 was poured into the mold 
and the gripper component was cured. (b) The gripper-block was inserted and EF0030 
was poured into the mold to make chamber component. (c) The gripper structure and 2.5 
mm layer were bonded together to seal the chamber. 
 
 
Fig. 2.10. Side view of the handling tool inserted with a soft double-arm chamber-gripper 
device and a (a) movable piston, or (b) linear actuator. 
 
2.3.3. Soft hybrid nerve gripper 
The fabrication process of the soft hybrid nerve gripper involved the processes of 
making the soft gripping component inside a rigid casing (Fig. 2.11a) and 
attaching the nerve hook retractor (Fig. 2.11b) to the soft gripping component 
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casing. The rod-based approach (Fig. 2.12) was also adopted to manufacture the 
soft gripping components of nerve gripper: 
Step 1: EF0030 was poured into a 3D-printed rectangular casing where the 
bottom end was covered with a cap that has a 2 mm protruding part (Fig. 2.12a). 
Step 2: Another cap with a thicker protruding part (4 mm) was used to cover 
the top opening area to form the inlet part for air source. A 1 mm-diameter rod 
was inserted into both caps to create the pneumatic channel (Fig. 2.12b). 
Step 3: The rod and caps on both ends were removed and sealed with EF0030 
accordingly after the curing process (Fig. 2.12c). 
Step 4: Lastly, the rectangular casing with soft gripping component was 
attached to 3D-printed rigid nerve retractor and handle. 
The inlet of gripping component was connected to an air source such as a 
syringe or pump and upon pressurization, the most compliant region near the tip 
will inflate and the configuration would enable the gripper to hold objects such as 
wires or nerves (Fig. 2.13). The similar portable pump-valves controller 





Fig. 2.11. (a) 2D CAD drawing of mold casing model used for fabricating the soft 
gripping component, (b) 2D CAD drawing of hook nerve retractor, (c) schematic diagram 
of the casing with soft gripping component attached to the hook retractor. (all dimensions 
are in mm). 
 
Fig. 2.12. Fabrication process of the soft inflatable gripping component in the soft hybrid 
nerve gripper. (a) EF0030 was poured into a rigid casing mold. (b) A wire rod was 
inserted into the casing and maintained in the middle position with a cap that covered the 
opening area of the casing. The entire structure was cured for 10 minutes. (c) The wire 





Fig. 2.13. Schematic diagram of soft hybrid nerve gripper with rigid hook-shaped nerve 
retractor and soft inflatable gripping component (a) before, and (b) after inflation. 
 
2.4 Finite Element Method 
FEM is a numerical method seeking an approximated solution of the distribution 
of field variables, such as stress and displacement, in the problem domain [49]. It 
is useful in new product design and existing product refinement by demonstrating 
how the product responds to certain condition such as loading. This is done to 
ensure that the most appropriate and cost effective material and parameters are 
chosen for the products. In order to perform FEM, a model of the part to be 
analyzed will be constructed in which the geometry is divided into a finite number 
of discrete elements (i.e. FE mesh generation), connected at discrete points called 
nodes. Each element contains its own material and structural properties which 
define how the structure will react to certain loading conditions. FEM software 
packages (i.e. Abaqus, Ansys, etc.) can be deployed to construct the stiffness 
matrix. Together with the predefined loads and boundary conditions, the response 
of the model to any form of external loadings can be predicted and the results can 
be visualized in coloured contours representing different stress levels and 
displacements in the model. 
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Computational models of soft pneumatic grippers, soft finger actuator and 
double-arm gripper component in particular were constructed in Abaqus/CAE 
finite element software (Dassault Systèmes Simulia, Johnston, RI) and compared 
against the experimental data. The relationship between the compressive forces 
generated by the actuators and the input pressure was investigated. 
 
2.4.1 Soft finger actuator 
The CAD parts of the soft finger actuator body and the restraining layer were 
imported into Abaqus. The body and elastomeric components of the restraining 
layer are categorized as homogenous solid elements, with the inextensible fabric 
layer as shell elements [50]. The material behaviors of elastomers used (DS10-M) 
was assumed to be hyperelastic and the Yeoh model was used to model the 
element (coefficients C10=0.036, C20=2.58x10-4, C30 =-5.6x10-7 were obtained 
from mechanical tests, see Section 2.2). The model was then discretized into 
number of solid tetrahedral quadratic hybrid elements (Abaqus element type 
C3D10H) with mesh size of 1.6 mm. There are two types of forces that can be 
exerted by the soft finger actuators: one is that at the distal tip, and the other is at 
the interaction points along their bodies as they conformed to the surface of 
grasped objects. In this study, a solid block was located at the center of the distal 
end of the soft finger actuator, and the top layer of the soft finger actuator was 
constrained by a block to assess the maximum generated compressive forces at 
the distal end. Constraining the top layer minimizes the tendency of the actuator 
to bend upon pressurization and hence, doing so concentrates the forces at the 
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distal end. Both the solid and constraining blocks were modeled using solid 
tetrahedral quadratic elements (Abaqus element type C3D10). All the nodes at the 
proximal end of the soft actuator, the proximal and distal end of the constraining 
top block and the top surface of solid block, where the distal end of the soft 
actuator was in contact with, were fully constrained (Fig. 2.14a). This way, the 
maximum compressive forces that could be generated by the distal tip of the 
actuator was measured by summing up the contact forces at the top surface of 
solid block. Different actuation pressures (20 kPa, 30 kPa, 40 kPa, and 50 kPa) 
were applied at all internal surfaces of pneumatic features. 
The accuracy of the FEM model was evaluated by conducting an 
experiment to investigate the compressive force exerted by the tip of the soft 
actuator. The proximal end of the actuator was fixed in place and a calibrated 
force sensing resistor (Interlink Electronics, Camarillo, CA) was placed on a solid 




Fig. 2.14. (a) FEM model of a soft finger actuator, constraining block, and solid block 
used for measuring the compressive forces at the distal end. The mesh size is 1.6 mm for 
soft finger actuator, and 2 mm for both the constraining and solid blocks. (b) 
Experimental setup used to evaluate the FEM model.  
 
2.4.2 Double-arm gripper component 
The CAD part of the double-arm gripper component was imported into Abaqus as 
homogenous solid elements. The material behaviors of elastomers used (EF0030) 
was assumed to be hyperelastic and the Yeoh model was used to model the 
element (coefficients C10=7.61x10-3, C20=2.42x10-4, C30 =-6.2x10-7 were obtained 
from mechanical tests, see Section 2.2). The model was then discretized into solid 
tetrahedral quadratic hybrid elements (Abaqus element type C3D10H) with mesh 
size of 1 mm. Gravitational force was not taken into account because it is not 
acting on the same plane as the gripping force. The air pressure was acted at all 
internal surfaces of the pneumatic channels. All the nodes at the proximal end of 
the gripper component that is connected to a chamber in the real prototype were 
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fully constrained. To assess the compressive forces generated by the gripper, a 0.5 
mm thick block with material properties closer to the force sensing resistor was 
located at the middle of the gripper and different actuation pressures (15 kPa, 17.5 
kPa, and 19 kPa) were applied. The compressive forces generated by the 
actuatable arm were assumed to be symmetrical and only one actuatable arm was 
used in the model (Fig. 2.15). 
The FEM data was compared with the experimental data that was obtained 
from the grip compressive test conducted using a calibrated force sensing resistor 
(Interlink Electronics, Camarillo, CA). 
 
Fig. 2.15. (a) Finite element model of the double-arm gripper component and a 0.5mm 
thick block with mesh size of 1mm. (b) The gripper was actuated at 20kPa to measure the 
simulated compressive forces. 
 
2.5 Hand Exoskeleton – Assisted Passive Finger Flexion 
The feasibility of deploying the finger actuators as a hand exoskeleton is 
determined by examining the assisted passive finger flexion generated by the 
actuator which was placed along the index finger position of a glove. Finger 
movements were recorded by 8 infra-red cameras (Vicon Industries, Edgewood, 
NY) at a sampling rate of 100Hz. A total of four retro-reflective markers (14-mm 
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diameter) were placed on the index finger of each subject, particularly at the MCP 
(marker 1), PIP (marker 2), DIP (marker 3), and fingertip (marker 4) (Fig. 2.16a). 
The cameras can detect the retro-reflective markers and reconstruct the finger 
segments. Trigno wireless electromyography (EMG) sensors (Delsys, Boston, 
MA) were used to monitor muscles activities so as to ensure that there is no active 
muscle control involved during the trials and that the finger flexion was purely 
caused by the bending of actuator. One EMG sensor was placed on the flexor 
digitorum superficialis and extensor digitorum each (Fig. 2.17). 
Five young healthy subjects (3males and 2 females, age: 24.4 ± 2.8years), 
who have no history of upper limb musculoskeletal injuries, were enrolled in this 
study. Three successful trials with one flexion cycle were recorded for data 
analysis. Prior to the experiment, the subjects were asked to wear the glove with 
the actuator attached along the index finger and perform active fingers flexion, in 
order to get used to the system and adapt to any unnatural movements by the 
existence of actuator. Moreover, the EMG activities during the active finger 
flexion trials were recorded in order to compare with those obtained from the 
actuators trials. The forearm and hand were supported on a hard surface parallel to 
the ground in order to prevent any unwanted movements, and the pressure exerted 
to the pneumatic channels for generating bending is 1 bar (100 kPa). 
The trajectories of each marker were extracted from Vicon Nexus software 
(Vicon Industries, Edgewood, NY) and the joint angles were calculated based on 
the dot product of the vectors representing finger segments (Appendix B). The 
flexion angle of MCP is defined as the angle between the starting position and the 
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position of segment 1-2 at 1 bar, the flexion angle of PIP is the angle between 
segment 1-2 and 2-3 at 1 bar and the flexion angle of DIP is the angle between 
segment 2-3 and 3-4 at 1 bar (Fig. 2.16b). The maximum flexion angle of each 
joint was averaged across all three trials. The sum of range of motion (ROM) in 
sagittal plane (flexion/extension) induced by the finger actuator was calculated 
based on the following equation. 
 
           ROM = ∠ MCP + (180°-∠ PIP) + (180°-∠ DIP)                           2.6 
 
The raw EMG data was filtered, rectified and normalized in Matlab. Since 
healthy participants were recruited in this study, a representative EMG activities 
graph during active and passive finger flexion was plotted to verify that the finger 
flexion in the passive mode was solely induced by the soft finger actuator. 
 
Fig. 2.16. (a) The experimental set up with markers placed on MCP, PIP, DIP and 
fingertip (in unpressurized state); (b) The flexion angle of MCP, PIP and DIP were 





Fig. 2.17. Illustration of the flexors and extensors muscles used in performing the task of 
this study. (Image source: McGraw-Hill Companies, Inc.) 
 
2.6 Robotic Grasping Device – Grasping Tasks 
A grasping device with three finger actuators was designed to perform various 
grasping tasks (Fig. 2.18). Each actuator is about 25 g and the total weight of the 
grasping device (consisting of three finger actuators and one casing) is 150 g. 
Two experiments that mimic different types of grasping, (i) normal wrap grasping 
with palm support, and (ii) picking up the object through the handle, were 
conducted. Five cylindrical objects with irregular surfaces made of different 
materials such as plastic and metal were used in the normal wrap grasping 
experiment (Appendix C). Their weight ranges from 80 g – 700 g and the 
maximum diameter ranges from 60 mm – 95 mm. An object weighing 1.1 kg with 
70 mm width of the handle was used in the second grasping task. In this study, the 
grasping device was attached to a lightweight robotic arm, LBR iiwa 14 R820 
(Kuka, Augsburg, Germany) for the grasping tasks (Fig. 2.18). The input pressure 
was 0.75 bar and 1 bar for different objects. The robotic arm has 7 degrees of 




Fig. 2.18. The experimental set up with grasper device for grasping tasks. 
 
2.7 Actuation System for Hand Exoskeleton and Grasping Device 
A portable pump-valves controller with the miniature diaphragm pump and Ten-
X® miniature pneumatic solenoid valve (Parker Hannifin, Cleveland, OH) can be 
deployed to control the grasping and releasing modes. A flowchart of the control 
structure for a single soft finger actuator or grasper device is presented in Fig. 
2.19. Release of grasped objects can be controlled by pressing a button that 
activates the valve to release air. This actuation system was not deployed in the 




Fig. 2.19. Flowchart of the control structure for soft finger actuators. 
 
2.8 Grip Pull and Compressive Tests for Surgical Grippers 
Our preliminary evaluation tests involved the comparison of the tensile forces and 
compressive forces generated by (1) the two different types of chamber-gripper 
devices (double-arm and single-arm), (2) the soft hybrid nerve gripper (not 
evaluated in grip pull test), and (3) a forceps coated with EF0030 on the jaws 
(same width and thickness as the jaw of double-arm soft gripper) and a forceps 
with no coating (Fig. 2.20). Two nylon specimens with Young’s modulus of 23.9 
MPa (nylon 1) and 0.14 MPa (nylon 2) were used for the transverse and axial grip 
pull tests. Their moduli cover the range of typical soft tissue modulus, for 
example, periodontal ligament (0.12 MPa) [51], peripheral nerves (0.45 MPa) 
[52], and articular cartilage of the human knee (5.6 MPa-15.4 MPa) [53]. The 
maximum tensile forces in these nylon specimens during transverse and axial grip 
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pull tests were measured by Instron Universal Tester 3345 (Instron, Norwood, 
MA). For the transverse grip pull test, the nylon specimen was clamped in a 
straight line vertically onto the Instron tester with a 1 N preload and pulled 
horizontally outwards with the chamber-gripper device (Fig. 2.21a). For the axial 
grip pull test, the nylon specimen was clamped in a U-shape and pulled vertically 
downwards with the chamber-gripper device (Fig. 2.21b). 
 
Fig. 2.20. Photographs of the different grippers used in the study. (a) Double-arm 
chamber-gripper, (b) Single-arm chamber-gripper, (c) soft hybrid nerve gripper, (d) 




Fig. 2.21. The experiment setup for the measurement of the tensile forces in the nylon 
specimen during (a) transverse and (b) axial grip tests. 
 
In order to measure compressive forces, a grip compressive test was 
conducted using a calibrated force sensing resistor (Interlink Electronics, 
Camarillo, CA). The force sensing resistor was calibrated using Instron tester. 
During the calibration, the sensing resistor was compressed with a force up to 15 
N for 10 cycles. An acrylic shim, which was of the same size as the sensing area 
of the sensor, was placed in between the compression tip of the Instron tester and 
the sensor. This was to ensure that the compressive load was equally distributed 
across the sensing area. The calibration equation obtained for the sensor is y = 
0.0597x (R2=0.73), where x is the analog readout from Arduino board, y is the 
compressive force (N) and R is the regression value. 
The maximum grip compressive forces applied by the double-arm, single-
arm gripper, EF0030-coated forceps and the uncoated forceps were recorded at 
the point when the two gripper arms/jaws were closed and gripped the sensing 
resistor. The force sensing resistor was placed on the nerve retractor and the soft 




3.1 Constants of Material Properties for Hyperelastic Models 
Based on the values of sse that provides the goodness of fitting (Table 3.1), the 
best fitting for all the materials was obtained by using the 5 term Mooney-Rivlin 
model. The stress-strain curves of the EF0030 and DS10-M obtained from the 
uniaxial tensile tests are compared with the fitting of these experimental data 
through the 5 term Mooney-Rivlin model (Fig. 3.1a) and Yeoh model (Fig. 3.1b). 
It showed that the Yeoh model was able to provide a good fitting at lower 
computational cost due to the fewer parameters needed for constants of material 
properties as compared to the 5 term Mooney-Rivlin model. Therefore, this model 
is suitable for the characterization of material for the FEA to optimize the design 




Table 3.1. Constants of material properties for different hyperelastic models. 





C10 8.9x10-4 0.04 
C01 8x10-3 -0.033 
C11 1.35x10-3 1.2x10-3 
sse 0.017 8.26x10-3 
5 term Mooney-
Rivlin 
C10 0.085 -0.026 
C01 -0.091 0.058 
C11 3.47x10-3 1.25x10-3 
C20 -1.7x10-4 -8.2x10-6 
C30 -0.029 0.017 
sse 1.3x10-3 1.48x10-3 
3 term Yeoh 
C10 7.61x10-3 0.036 
C20 2.42x10-4 2.58x10-4 
C30 -6.2x10-7 -5.6x10-7 
sse 3.2x10-3 0.12 
2 term Ogden 
μ1 4.07x104 3.55 
α1 1.63x10-7 2.64 
μ2 6.57x10-3 -3.52 
α2 3.06 2.78 
sse 0.02 7.2x10-3 
Arruda-Boyce 
μ 0.037 0.098 
λm 6.73 9.46 





Fig. 3.1. Stress-strain curves resulting from uniaxial test of EF0030 and DS10-M 





3.2 Hand Exoskeleton and Robotic Grasping Device 
The results showed that the average maximum flexion angle of the index finger at 
MCP was 45.6 ± 22.0°, PIP was 132.8 ± 7.2°, and DIP was 143.7 ± 2.3° when an 
injection pressure of 1 bar (100 kPa) was used (Fig. 3.2). The sum of ROM in the 
sagittal plane (flexion/extension) induced by the finger actuator was measured to 
be around 129°. The representative EMG activities showed that the flexors and 
extensors were not activated during the passive flexion induced by the soft finger 
actuators, and this implies that the finger motion was not generated by the 
subjects (Fig. 3.3). 
For the grasping tasks, the prototype was able to grasp all the five items 
firmly and move it in all three axes and even rotate through an angle of 90° (Fig. 
3.4). It showed the ability to perform functional tasks such as pouring water into a 
cup. Moreover, the prototype was able to perform different type of grasping such 
as holding the handle of the objects using two actuators and the other actuator 
provided general support to the object (Fig. 3.5). 
The simulated maximum compressive forces generated by the distal tip of 
the actuator and the experimental data were presented in Fig. 3.6. The FEM model 






Fig. 3.2. The measured trajectories of the index finger while actuating the soft finger 
actuator at 100 kPa. (a) Representative photo showing the end position of a finger flexion 
(in pressurized state), (b) Corresponding trajectories corresponding to the photo. 
 
 
Fig. 3.3. The representative measured EMG data during active and passive finger flexion. 





Fig. 3.4. The grasper device with three soft finger actuators in carrying a weight of 600 g 
plastic bottle or 700g metal tumbler filled with water (a) moving in all three axes; (b) 
rotating the wrist. 
 
Fig. 3.5. The grasper device used to grab the handle of and carry an object weighing 1.1 
kg. 
 
Fig. 3.6. Comparison of maximum compressive force generated by the distal tip against 




3.3 Grip Pull and Compressive Tests 
The soft chamber-gripper devices were capable of picking up objects with 
dimensions of up to 2mm in diameter (Fig. 3.7a, 3.7b) and the feasibility of 
deploying the soft hybrid nerve gripper for nerve manipulation has been 
demonstrated in a pilot rat trial (Fig. 3.7c). 
 
Fig. 3.7. Photographs of the (a) single-arm, (b) double-arm chamber-gripper device 
devices before (left) and upon (right) gripping the 1mm diameter wire and (c) soft hybrid 
nerve gripper before (left) and upon (right) gripping the ~1mm nerve of a rat. 
 
During the transverse grip pull test, the maximum tensile forces generated 
by the soft single-arm and double-arm chamber-gripper devices on the nylon 1 
specimen were substantially lower at 0.26 ± 0.03 N and 0.22 ± 0.05 N 
respectively, as compared to 1.21 ± 0.36 N by the Ecoflex-coated forceps and 
2.12 ± 0.24 N by the uncoated forceps. For the nylon 2 specimen, the maximum 
tensile forces generated by the single-arm and double-arm chamber-gripper 
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devices were 0.05 ± 0.02 N and 0.10 ± 0.02 N respectively, as compared to 0.43 ± 
0.09N by the Ecoflex-coated forceps and 0.47 ± 0.11 N by the uncoated forceps 
(Fig. 3.8a). 
For the axial grip pull test, the maximum tensile forces generated by the 
single-arm and double-arm chamber-gripper devices on the nylon 1 specimen 
were considerably smaller at 0.09 ± 0.02 N and 0.14 ± 0.03 N respectively, as 
compared to 0.77 ± 0.19 N by the Ecoflex-coated forceps and 1.32 ± 0.21 N by 
the uncoated forceps.  The maximum tensile forces generated by the soft single-
arm and double-arm chamber-gripper devices on the nylon 2 specimen were 0.13 
± 0.01 N and 0.20 ± 0.01 N respectively, as compared to 1.14 ± 0.24 N by the 
Ecoflex-coated forceps and 1.91 ± 0.44 N by the uncoated forceps (Fig. 3.8b).  
The maximum grip compressive force generated by the single-arm, 
double-arm chamber-gripper devices, and soft hybrid nerve gripper were 0.26 ± 
0.09 N, 0.88 ± 0.09 N and 1.33 ± 0.15 N respectively, as compared to 1.75 ± 0.15 
N by the Ecoflex-coated forceps and 2.73 ± 0.21 N by uncoated forceps (Fig. 3.9). 
The simulated compressive force generated by the double-arm chamber-
gripper devices and the experimental data were presented in Fig. 3.10. Zero 
compressive force was observed when the pressure was smaller than 15 kPa 
because this pressure is not large enough to form the close grip posture with two 
gripper arms compressing against each other. The FEM model was aborted when 




Fig. 3.8. Maximum tensile forces generated by the two different chamber-gripper devices 
and the two (Ecoflex-coated and uncoated) forceps during (a) transverse grip pull test and 
(b) axial grip pull test. 
 
 
Fig. 3.9. Maximum grip compressive forces generated by the two different chamber-
gripper devices, soft hybrid nerve gripper and the two (Ecoflex-coated and uncoated) 





Fig. 3.10. Comparison of maximum compressive force against different actuation 





In this study, we have successfully demonstrated the capability of the soft finger 
actuators in achieving natural flexion movements on the healthy subjects’ fingers 
when used as a hand exoskeleton, and the application of these actuators on a 
robotic grasping device to perform two different types of grasping tasks (mimic 
normal wrap grasping with palm support, and picking up the object by the 
handle). In addition, we have successfully demonstrated that the soft pneumatic 
chamber-gripper devices allowed compliant gripping and at the same time, 
introduced significantly less tensile and compressive forces exerted on the object 
being gripped than the conventional forceps and Ecoflex-coated forceps tips. 
 
4.1 Soft Finger Actuators 
The weight of the actuator is 25 g and the total weight for the actuators placing on 
the hand will be 125 g if five actuators were used. This is within the acceptable 
weight of 500 g that can be mounted on a single hand [54] and thereby it is 
suitable to be used for the rehabilitation and assistance exoskeletons. It is 
comparable with the weight of Exo-Glove that employs a soft tendon routing 
system proposed by In et al., which is 194 g [55]. In addition, the average weight 
of a human hand is 400 g and the weight of commercial prosthetic hands ranges 
from 300 g to 615 g [56]. Therefore, our proposed prototype with 125 g for five 
finger actuators without the casing and air source is considered light as compared 
to the current products and hence, may alleviate the interface discomforts and 
fatigue caused by the perceived weight. It is comparable with the hand prosthesis 
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proposed by Cool et al. [57]. The weight of the single adaptive finger in his study 
is 20 g and the complete hand prosthesis with five fingers weighs 180 g. Although 
the weight of the portable motor valves controller with the miniature diaphragm 
pumps and valves is approximately 400 g, it is within the ranges of the current 
commercial prosthetic hands. 
The flexion angles of MCP joint obtained from this prototype is 46° which 
will be sufficient for most of the common functional grasping tasks. The sum of 
range of motion in the sagittal plane (flexion/extension) as induced by the actuator 
was measured to be approximately 130°, which is smaller than the 250° reported 
for the middle finger by Polygerinos et al. [54]. However, the input pressure in 
their study is 345 kPa whereas the pressure applied to the pneumatic features is 
100 kPa, approximately 3 times smaller than their input pressure. It showed that 
the three segments pneumatic features design, which duplicates the finger 
structure, may be able to achieve a larger range of motion at a lower input 
pressure. Numerous soft robotic exoskeletons have been developed for hand 
rehabilitation and these systems are also lightweight and have low component 
costs [54, 58]. However, they are using a straight pneumatic channel to generate 
the bending motion whereas our proposed actuator deploys a Zigzag shape three-
segment pneumatic features (Fig. 2.4) which is supposed to generate a larger 
bending forces at the same amount of pressure as compared to a straight 
pneumatic channel due to the larger surface area of the pneumatic features. 
The robotic grasping device can grasp and hold up to 700 g object in the 
experiment that mimics normal wrap grasping with palm support, which indicates 
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that each soft actuator can contribute up to 2.3 N of force. It can also perform 
grasping by holding the handle of an object weighing 1.1 kg, which showed good 
adaptation of the proposed grasping device to different tasks. In addition, it can be 
used to perform functional tasks such as pouring water into a cup. A variety of 
grasping patterns and functional tasks achieved by the device demonstrated the 
possibility to develop a soft prosthesis based on these soft finger actuators. 
Although the generated force is much smaller than the maximum strength that a 
healthy individual can generate, which can be up to 300 N for female and 450 N 
for male [59], the primary aim of prosthetics is to restore the basic grasping 
function to improve the ADLs and hence, it is not necessary for the devices to 
generate the maximum strength. Matheus et al. [60] have studied the most 
common or important objects of daily living involved during feeding, toileting, 
food preparation, bathing, etc. (e.g. grasping a plastic beverage bottle, holding 
mobile phone, etc.) for grasping in human environments and they found that the 
mass of most of those objects are less than 1 kg, which is about 10 N. Therefore, 
the grasping device provides enough forces for grasping most objects of daily 
living. 
Moreover, the soft pneumatic finger actuator was made of soft elastomeric 
materials, which permitted its inner surface to conform well to the surface of 
grasped objects, and this hence increases the contact surface over which the force 
may be distributed more effectively to provide a more secure grasp as compared 
to their rigid counterparts, especially on objects with irregular surfaces. 
Additionally, the ability of conforming to the objects’ surface contours reduced 
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the occurrence of high stress concentration points as compared to rigid hard 
graspers, and this may be useful in grasping fragile objects such as eggs or fruits. 
Also, the actuators have a fast return rate to their original position, which provides 
low impedance when un-actuated. This makes the grasping and releasing more 
efficient and can be controlled easily. 
 
4.2 Soft Pneumatic Surgical Grippers 
Our findings suggest that soft gripping can be achievable at much lower 
mechanical forces, hence potentially making the gripped object less susceptible to 
damage as compared to when the hard forceps is used. Comparing the grip 
compressive forces, the double-arm designs generated more than twice than that 
generated from the single-arm design, and in 15 out of 18 transverse and axial 
grip pull tests, the single-arm gripper tended to lose grip at a lower tensile force as 
compared to the double-arm gripper. These results suggest that the design of the 
soft chamber-gripper device should consider the grip pull and grip compression 
factors to ensure that a balance between soft and firm grips can be achieved. In 
addition, the soft hybrid nerve gripper generated larger grip compressive forces as 
compared to the jaws grippers, regardless of double-arm or single-arm gripper. 
This indicates that the soft hybrid nerve gripper may provide a more firm soft 
gripping as compared to jaws grippers. 
In addition, jaws grippers could not grip and pick up objects that are lying 
on a surface, it could only grip objects that are already in mid-air. As compared to 
the jaws grippers, the soft nerve gripper showed an advantage of handling delicate 
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soft tissue in surgeries because the rigid hook retractor can be used to scoop up 
nerves and its soft gripper component can be actuated to hold the nerve (Fig. 2.12 
and Fig. 3.7). Moreover, it can prevent the problem generated from using a 
double-gripping jaws gripper as the jaws tends to push objects out when they 
close, which poses certain difficulty in grasping. The pilot mouse trial also 
demonstrates the possibility of deploying the soft hybrid nerve gripper in holding 
nerves. 
Current surgical manipulation approaches during peripheral nerve repair 
surgeries [61, 62] typically adopt the traditional forceps for manipulating the 
nerves, where the surgeons have to be very cautious in order not to damage the 
nerves because any damage can possibly lead to detrimental post-operative 
complications such as paralysis and delayed recovery. The use of traditional tissue 
grippers on delicate tissues often requires the surgeons to actively control their 
force application on the gripping instruments in order to ensure that a ‘minimal’ 
force is applied on the delicate tissue; this task involves high levels of effort and 
experience, and may indirectly add to the surgeon’s fatigue. Considering the need 
to prevent damage to the delicate tissues during surgical manipulation, our 
preliminary findings indicate that both the double-arm chamber-gripper device 
and soft hybrid nerve gripper are potential candidates to provide soft compliant 
gripping during delicate tissue manipulation.  
The fabrication process described in this study essentially depends greatly 
on the 3D-printed template mold. This opens up the possibility of creating 
customizable gripper designs and also presents a potential approach for mass-
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producing gripper devices from many reusable template molds. It suggests that 
the gripper design is highly customizable and can be easily modified and 
fabricated at low cost. The designs of these soft pneumatic surgical gripper 
devices further allow the inter-changing of different device designs in a single 
handling tool to suit different gripping requirements. These detachable soft 
pneumatic grippers are disposable and designed for one-time use while the 
handling tools are sterilizable. Also, these soft grippers are made entirely of 
elastomeric materials, therefore allowing them to be used in surgeries involving 
magnetic resonance imaging. 
The presence of the chamber component in the soft chamber-gripper 
devices allows the grip compressive force to be controlled through the 
compression of the chamber by using the piston mechanism in the handling tool. 
A prospective version of this system would be to replace the handling tool with a 
surgical robotic arm that has a dedicated actuator to compress the chamber, which 
can potentially give rise to the possibility for tele-operated soft gripping tasks. 
The grip compressive force generated by the soft hybrid nerve gripper can be 
controlled via the portable pump-valves controller. 
 
4.3 Finite Element Model 
The finite element simulated results were well consistent with the experimental 
data, other than the case where there was large pressure (larger than 40 kPa) in the 
soft finger actuator. In particular, the FEM model demonstrated a maximum 
compressive force error of 14.4% at 50 kPa actuation pressure. Large 
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deformations of the channels at high pressures and the unsuitability of the 
currently deployed force sensor in measuring large forces are factors that may 
affect the accuracy of the results. The actuation pressures at which the results can 
be compared with are limited due to the excessive distortions of the finite element 
mesh, which causes the convergence of maximum pressure to be impossible. The 
reliability of using the constants of elastomer properties obtained in this study to 
construct appropriate finite element models was demonstrated. 
 
4.4 Limitations 
The proposed soft finger actuators and soft pneumatic surgical grippers need to be 
viewed in light of a few limitations as described below. 
 
4.4.1 Soft Finger Actuators 
The recruitment of only healthy young subjects, would limit the accuracy of the 
results and the demonstration of the device’s feasibility to be deployed in 
rehabilitation and assistance devices. The target users for these devices are usually 
the people with rheumatoid arthritis especially elderly or stroke survivors who 
have lost their hand function or have weak hand muscles. These target users 
usually have stiffer joints as compared to that of healthy young subjects [63, 64], 
and hence, the soft finger actuators may not be as effective as it was shown to be 
when it was tested on the healthy subjects.  
The weakness of the experiment for the robotic grasping device lies 
therein the lack of a precise pressure distribution map, which results in the 
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difficulty in measuring the force distribution on grasped objects. The actuator’s 
conformation to the surface of the grasped object makes it impossible to measure 
the exerted force from the finger actuator with just a single force sensor. In 
addition, the precise control of each joint segment is limited because the 
pneumatic features are connected across three finger segments and therefore, the 
desired flexion can only be controlled by manipulating the air pressure. 
Nevertheless, this is the preliminary stage of study and the soft finger actuator can 
still possibly be further modified such that a valve system is incorporated at every 
single joint present in order to improve the finger actuator’s dexterity. Amputees 
were not included in this study, as the primary aim of this study was to evaluate 
the capability of the soft pneumatic finger actuators on functional grasping, prior 
to prospective testing on patients with hand loss.  
Lastly, the maximum pressure can be exerted to the current design is 
around 1.2 bar - 1.5 bar before the actuators start to leak or cause damage on the 
pneumatic features and hence not capable of exerting high forces that allow for 
carrying heavy objects. The minimum input pressure required to lift objects with 
different weights in the grasping tasks was also unclear because the air source 
used could produce only certain set pressures (i.e. 0.75 bar or 1 bar). It is hard to 
estimate the energy consumption and subsequently, the total cost of the hand 
prosthesis by examining the minimum input pressure required for sustaining 




4.4.2 Soft Pneumatic Surgical Grippers 
The main limitation is the size of the gripper component in double-arm gripper as 
the current form factor is relatively wider than that of traditional forceps. 
However, the gripper arms of the soft pneumatic chamber-gripper devices are 
fabricated from materials that are soft and compressible; hence it might still be 
possible to grip delicate tissues in narrow spaces. Future pneumatics-based 
designs will take into the consideration of the gripper size and reduce the form 
factor to match the size of the traditional forceps, such that the thinner, delicate 
tissue structures can be gripped and separated from adjacent tissues. The size of 
the soft hybrid nerve gripper is limited by the 3D-printed material used to 
fabricate the casing because the printing material breaks easily when it is too thin. 
However, if stainless steel is used, the casing can be printed with a thinner wall 
thickness.  
Another limitation is the lack of experimental force data on nerve tissue 
gripping. In order to assess the efficacy of these double-arm chamber-gripper 
device and soft hybrid nerve gripper in eliminating tissue damage during delicate 
surgical manipulation, it will be necessary to conduct pre-clinical grip trials on 
fresh animal nerve tissues, and histologically examine the extent of tissue trauma 





In conclusion, we presented soft finger actuators that are lightweight and 
deployable in hand exoskeleton for assistance with activities of daily living and 
home-based rehabilitation for individual with weakened hand functions. They can 
replicate the finger motions and more importantly, they do not consist of bulky 
redundant structures which cause discomfort and restrict the natural motion of the 
fingers. This allows the patients to adopt these in daily lives easily. We also 
demonstrated the capability of incorporating them as a grasping device for a 
robotic arm and eventually for soft prosthetics hand application. The soft finger 
actuators can conform well to the objects and grasp and hold objects weighing up 
to 1.1 kg. It provides a safe human-machine interaction and prevents damage of 
fragile objects from excessive forces.  
In addition, we developed disposable soft pneumatic surgical grippers that 
could minimize the risk of damage to delicate tissues during surgical 
manipulation. In particular, the preliminary results indicate that the soft hybrid 
nerve gripper could achieve better performance with the ability to handle tissues 
that are lying on a surface and prevent slippage problems encountered in grippers 
that have two jaws. These studies showed the possibility of fabricating different 
types of soft pneumatic grippers based on the 3D-printing technologies which are 
able to provide compliant gripping that could lead to advances in medical 
applications. The constants of material properties obtained in this study will be 
useful for FEM model simulation in the future to characterize the soft pneumatic 
grippers for optimal actuator geometries and sizes. 
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5.1 Soft Finger Actuators 
In the future, this study can be further progressed to incorporate fiber reinforced 
composite such as silk fiber reinforcements in the DS10-M to withstand higher 
actuation pressures, and hence increasing force generation to improve 
performance. Silk has been widely used in biomedical applications such as 
surgical suture material and scaffolds [65]. It could serve as the reinforcements in 
the finger actuators because of its characteristics such as biocompatibility, and 
excellent mechanical properties. Progressively, it is also possible to pursue into 
further investigation on the minimum input pressure required for sustaining 
different object weights in order to estimate the energy consumption and 
subsequently, the total monetary cost of the grasping devices. In terms of 
improving energy efficiency, the maximum pressure would not be used for 
objects with lower weight. Additionally, more irregular shape and fragile objects 
such as eggs should be tested and functional tasks such as holding a pen and 
perform writing or cutting fruits with a knife should be performed with the robotic 
arm prior to a pilot study on human subjects. Future studies should focus on 
exploring the feedback system to improve human-machine interaction and to 
detect slippage to enhance energy efficiency so that a pilot study on target users 




5.2 Soft Pneumatic Surgical Grippers 
This study can be further progressed to test the efficacy of these soft pneumatic 
surgical gripper devices in minimizing tissue damage during delicate surgical 
manipulation by histologically examining the extent of tissue trauma introduced 
by the soft grippers as compared to the forceps. Prospective pre-clinical 
evaluation studies on the soft double-arm chamber-gripper and soft hybrid nerve 
gripper will be performed in the future using the sciatic nerve of the rat. A 
standard procedure will be followed in order to determine the nerve damage 
during manipulation, and to assess the healing and recovery extent of the limb 
function after surgery using the soft pneumatic surgical grippers and conventional 
forceps. Future studies will focus on enhancing the firm grip of the soft surgical 
gripper devices while maintaining a soft compliant grip, which can be attained 
through adding anti-slip fabric on the inner walls of the gripper component or 
inner surface of the nerve hook retractor. Moreover, a prior study conducted by 
Van der Putten et al. [66] found that 77 % of European surgeons favored tactile 
feedback as an indication for the level of applied pinch force. Hence, tactile 
sensors could be integrated into these gripper devices by embedding force sensors 
such as strain-sensitive fibers/sheets, into the inner walls of the double-arm 
gripper component or the inner surface of nerve hook retractor so as to detect the 
level of force that is applied onto the object being gripped. 
 
Unlike the control, kinematics and dynamics of traditional rigid hard robots that 
can be described by the well-understood models such as continuous function [14], 
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the infinite number of degrees of freedom caused by the deformable structure of 
soft robots could increase the difficulties to model and control the soft robots. A 
robust FEM model should be developed to tackle the excessive distortion 
occurred in modeling these robots composed of compliant materials in order to 
characterize the soft pneumatic grippers designs. A re-meshing technique that 
applies new finite element elements to the deformed structure can be deployed to 
allow the model to converge to a higher actuation pressure. Pressure control, a 
low-level basic control of soft robots, can be used to control the soft grippers that 
are proposed in this study. The pressure regulator, deformable sensors, and valve 
system will be developed in the future to provide precise control to the grippers. 
Once slippage of grasped object is detected by the grippers, feedback will be 
provided to the pump-valve actuation system so that the input pressure is re-
adjusted to ensure that the optimal energy is used to grip the objects. Together 
with the development of the computational model, control, and soft sensing 
technologies, soft robots may allow us to develop a smart compliant grippers 
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Appendix A: The Matlab code concerning the fitting procedure for 
hyperelastic models. 
The following Matlab script modified from the one written by Berselli et al. [46] 
is used to identify a polynomial fit of UT experimental data for different models. 
The constants of material properties for individual model can be obtained by 
changing the function at curve fit options. 
The first and third columns of experimental data contain, respectively, the 
vectors of displacements imposed to the specimens and the corresponding tensile 
stress as read by the Instron Tester. The following variables are defined: 
- Stress: Engineering stress read during uniaxial tensile test. 
- Stretch: Stretch values during uniaxial tensile test. 
- Stretch_max: Maximum imposed stretch value. 
- C: Optimal material parameters corresponding to different models. 
- Pol_UT: coefficients of the 5−th order polynomial functions 
approximating the experimental data. 
- PKF_UT: engineering stress values corresponding to stretch and 
calculated by means of the 5 − th order polynomial functions whose 





%read uniaxial test data 
data=xlsread('C:\Users\AdminNUS\Desktop\tensile.xlsx'); 
Stress=data(:,1); %Engineering stress 
Stretch=data(:,3); %Stretch values 
  
%polynomial fit of experimental stress-stretch curve 





%calculate tension data to be fitted with function 
Stretch=linspace (1, Stretch_max, r); %stretch values equally spaced between 1 and 
Stretch_max 






C0 = [0.03, 2, 2]; 
lb = [-inf, 0, -inf]; %Lower bound of the optimal solution vector 
ub = [inf, inf, inf]; %Upper bound of the optimal solution vector 
 
%Mooney5 model 
% C0 = [0.03, 4, 5, 6, 2]; %Initial guess 
% lb = [-inf, -inf, -inf, -inf, -inf]; %Lower bound of the optimal solution vector 
% ub = [inf, inf, inf, inf, inf]; %Upper bound of the optimal solution vector 
 
%Yeoh model 
% C0 = [10, 2, 1]; %Initial guess 
% lb = [0, 0, -inf]; %Lower bound of the optimal solution vector 
% ub = [inf, inf, inf]; %Upper bound of the optimal solution vector 
  
%Ogden2 model 
% C0 = [0.03, 4, 5, 6]; %Initial guess 
% lb = [-inf, -inf, -inf, -inf]; %Lower bound of the optimal solution vector 
% ub = [inf, inf, inf, inf]; %Upper bound of the optimal solution vector 
  
%Arruda model 
% C0 = [10, 2]; %Initial guess 
% lb = [-inf, -inf]; %Lower bound of the optimal solution vector 
% ub = [inf, inf]; %Upper bound of the optimal solution vector 
  
optnew = optimset('DiffMaxChange',0.000001,'DiffMinChange',1e-15,... 
'TolFun',1e-15, 'TolX',1e-15,'MaxFunEvals',10000,'MaxIter',10000); 
 
%Curve fit options 




Stress for Mooney3 model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 







S=2.*mu1.*(Stretch-1./Stretch.^2)+ ... %Strain energy first term 
2.*mu2.*(1-1./Stretch.^3)+ ... %Strain energy second term 




Stress for Mooney5 model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 









S=2.*mu1.*(Stretch-1./Stretch.^2)+ ... %Strain energy first term 
2.*mu2.*(1-1./Stretch.^3)+ ... %Strain energy second term 
6.*mu3.*(Stretch.^2-Stretch-1+1./Stretch.^2+1./Stretch.^3-1./Stretch.^4)+ ...%Strain 
energy third term 
4.*mu4.*(Stretch.^2+2./Stretch-3).*(Stretch-1./Stretch.^2)+ ... ...%Strain energy fourth 
term 
4.*mu5.*(2.*Stretch+1./Stretch.^2-3).*(1-1./Stretch.^3); ...%Strain energy fifth term 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Stress for Yeoh model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 











Stress for Ogden2 model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 








S=mu1.*(L.^(alpha1-1)-L.^(-(1+alpha1./2)))+ ... %Strain energy first term 
mu2.*(L.^(alpha2-1)-L.^(-(1+alpha2./2))); %Strain energy second term 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Stress for Arruda model%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 














Appendix B: The Matlab code of dot product for flexion angles. 
The following Matlab script is used to obtain flexion at individual finger joints 
(MCP, PIP and DIP) based on the dot product of two vectors which formed 
different finger segments. 
The second to thirteen columns of trajectories data contain, respectively, 
the vectors of marker points in three dimensional spaces: 
- theta: Flexion angle at MCP. 
- theta_1: Flexion angle at PIP. 
- theta_2: Flexion angle at DIP. 
%read trajectories data 
data=xlsread('C:\Users\AdminNUS\Desktop\flex2.csv'); 
data_1=data(4:end,2:4); %marker at MCP 
data_2=data(4:end,5:7); %marker at PIP 
data_3=data(4:end,8:10); %marker at DIP 
data_4=data(4:end,11:13); %marker at finger tip 
  
vector=data_2-data_1; 
vector_initial=data_2(1,:)-data_1(1,:); %finger segment 1 at starting point 
number=length(data_1); 
vector_i=repmat(vector_initial, number, 1); 
vector_1=data_3-data_2; %finger segment 2 
vector_2=data_4-data_3; %finger segment 3 
  

































Appendix C: The objects used in grasping tasks. 
Table A1. The characteristics of the objects that were used in the grasping experiments.  
Object Weight (g) Diameter (mm) Input Pressure (kPa) 
 
80 93.2 75 
 
245 72.2 100 
 
495 80.4 100 
 
600 64 100 
 
700 75 100 
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